ABSTRACT. The capture of beluga whales, Delphinapterus leucas, for instrumentation or tagging afforded the opportunity to collect blood, which was analyzed to evaluate the animals' health and gain information on basic physiological systems. Here, we report on hematological and plasma chemical constituents in samples obtained from 183 belugas, 55 of which were handled during attempts to apply tracking instruments. The other 128 samples were either drawn from live belugas captured for exhibit in zoological parks or research or obtained from the fresh carcasses of whales taken by Inuit hunters. The data span a 15-year period beginning in 1983 and represent various beluga stocks in the Canadian Arctic. The majority of the specimens were collected during the summer or estuarine phase of the belugas' annual cycle. Comparisons by age group, sex, stock, season, and year revealed significant differences in most of the cellular and chemical constituents examined. These results demonstrate some of the variability that might be encountered when examining a "random" selection of belugas at a particular location and time. Immaturesized whales had higher leucocyte counts, electrolyte concentrations, enzyme activity, total protein, albumin, hemoglobin, and some metabolites than older animals. Sex alone was associated with few hematological and plasma chemical differences. Seasonal variation in thyroid hormone activity was linked to marked environmental changes associated with the transition from cold oceanic waters to relatively warm estuaries. Two belugas recaptured 19 and 24 days after instrumentation showed changes in leucocyte counts, hematocrit, and a variety of plasma chemical constituents, some of which indicate inflammation and a likely physiological response to handling and tagging stresses.
INTRODUCTION
Blood analysis is a valuable tool routinely applied to assessing the health and physiological status of free-ranging animals (Beltran et al., 1991; Dunbar et al., 1997; Vogel et al., 1999; Borjesson et al., 2000) . Few blood analysis studies have been performed on cetaceans, at least partly because of the logistical difficulties in obtaining samples from such mobile, wholly aquatic animals. Accidental or intentional entrapments in fisheries have afforded some opportunities to examine blood constituents in harbor porpoises, Phocoena phocoena (Nielsen and Andersen, 1982; Koopman et al., 1995 Koopman et al., , 1999 , and longfinned pilot whales, Globicephala melaena (melas) (Medway and Moldovan, 1966) , while directed efforts to capture and release bottlenose dolphins, Tursiops truncatus, have resulted in a robust data series for that species (Asper et al., 1990; St. Aubin et al., 1996) . Apart from these efforts, much of what is known about the hematology and plasma chemistry of cetaceans is derived from monitoring of captive animals (Ridgway et al., 1970; MacNeill, 1975; Cornell, 1983; Cornell et al., 1988; Asper et al., 1990) .
In recent years, the occurrence of mass mortalities (dieoffs) of cetaceans has prompted efforts to evaluate the health status of species such as bottlenose dolphins. In addition to ongoing monitoring of disease and tissue burdens of anthropogenic contaminants, programs involving the live capture and release of small odontocetes have been developed to establish health profiles of individuals randomly selected from the population (Hansen and Wells, 1995, 1996) . Such data would provide baselines for comparison in the event of future changes in health or environmental conditions. Deviations from expected findings in blood and other indices might signal the onset of a population-wide decline in health or condition.
Beyond their utility as health indicators, blood constituents can provide insight into an organism's physiological adaptations or abilities. Erythrocyte parameters have been correlated with diving ability (Ridgway and Johnston, 1966; Ridgway et al., 1984; Hendrick and Duffield, 1991) and used to distinguish ecological variants of the same species (Duffield et al., 1983) . Environmental conditions associated with seasonal changes in habitat can influence levels of circulating thyroid hormones in beluga whales, Delphinapterus leucas (St. Aubin and Geraci, 1989a) . Stressful stimuli appear to elicit distinctive adrenocortical responses in cetaceans St. Aubin et al., 1996) and phocid seals (St. Aubin and Geraci, 1986) , possibly as a common adaptation to the marine environment. Levels of other plasma chemical constituents, such as urea nitrogen and electrolytes, are consistently different in cetaceans than in most terrestrial mammals. It is important, therefore, to establish expected values for individual species under defined conditions in order to interpret the findings of a health-monitoring program based on blood analysis (Borjesson et al., 2000) .
Two studies have examined blood values in belugas, one based on long-term captive animals (Cornell et al., 1988 ) and the other focusing on changes occurring during 10 weeks of acclimation following capture (St. Aubin and Geraci, 1989b) . Both involved belugas from the western Hudson Bay stock, one of up to 16 geographically separate stocks in North American waters (IWC, 2000) . Potential differences based on environmental factors, such as habitat or season, or biological parameters, such as age, sex, or lineage, could not be considered in these earlier studies. Given the marked seasonal changes that characterize the beluga's annual cycle and the potential for other biological influences on blood constituents, a more detailed investigation of these parameters was undertaken. The opportunity to pursue this work stemmed largely from the live capture of belugas, either for display or research, or to apply tracking instruments for ongoing studies of their movements and diving activity in various locations throughout the North American Arctic (Richard et al., 2001a, b) . Here, we present the findings of blood analyses conducted over a 15-year period (1983 -97) using samples from three stocks of belugas sampled at 11 locations in spring, summer, and fall. We examine the effects of age, sex, season, and stock on the various constituents. The data set includes the values published previously by St. Aubin and Geraci (1989b) to allow greater scope of analysis for interannual and regional differences.
MATERIALS AND METHODS
We sampled 151 whales live-captured at Seal River and Churchill in Hudson Bay, in the Mackenzie region of the Beaufort Sea, and at Creswell Bay, Cunningham Inlet, Elwin Bay (Somerset Island), and Croker Bay (Devon Island) in the High Arctic, using the techniques described by Orr et al. (2001) . The duration of the approach and chase was typically less than 15 min, with the most vigorous pursuit leading to capture lasting less than 5 min. In addition, we sampled 32 whales that were shot for food by Inuit hunters at the Nastapoca River, Salluit, Kangiksujuak in Hudson Bay, and in West Greenland, typically after a chase of a duration similar to that for the live capture. Table 1 shows the whales handled at each site.
Once the animals were restrained, blood samples were drawn as the first priority to reduce variation as a result of time-dependent changes in blood constituents. Specimens were obtained variously from the caudal aorta, the paired caudal veins, or, rarely, from the tail flukes. Collection techniques included direct draw into heparin-or EDTAtreated Vacutainer tubes (Becton Dickinson, Franklin Lakes, New Jersey) or into plastic syringes followed by transfer to the Vacutainers. Samples were kept cool on ice packs during summer collections; during spring and fall studies, ambient temperatures were low enough to cool the specimens adequately.
Blood was processed for hematological analysis or storage as plasma at the earliest opportunity, in some instances within 1 h, but it took up to 6 h where capture sites were some distance from the field camps. Plasma samples were frozen at -20˚C in conventional freezers or placed into liquid nitrogen transport containers. On delivery to the research laboratory, samples were typically transferred to -60˚C freezers and stored for varying periods up to 2 years prior to analysis using multi-channel autoanalyzers. Over the study period, a variety of instruments was used, reflecting equipment upgrades in the laboratories of the Pathology Department, Ontario Veterinary College, and the Laboratoire de Biochimie, Faculté de Médecine Vétérinaire, Université de Montréal, St. Hyacinthe, Quebec.
Manual hematological techniques were employed in the field for leucocyte, erythrocyte, and direct eosinophil counts using the Unopette system. Blood smears were prepared for later staining and differential counts of 200 cells per slide. Microhematocrit determinations were made using standard techniques. Samples collected in the Churchill and Seal Rivers in western Hudson Bay were taken within 12 h of collection to the clinical laboratory at the Churchill Health Center, where they were processed for hematology using automated particle counters. Instrumentation varied over the 9-year period (1985 -93) during which studies were performed at this site.
Thyroid and adrenal hormones were analyzed by radioimmunoassay using commercially available kits (NCS diagnostics, Mississauga, Ontario, for reverse triiodothyronine (rT3); Intermedico, Willowdale, Ontario, for all others). All hormone test kits were validated for beluga specimens by dilution, spike-recovery of the target hormone, and, in the case of the thyroid hormones (TH), for the other principal TH. Specimens with total thyroxine (tT4) levels exceeding the highest standard supplied with the kit (300 nmol/L) were diluted 1:2 in 0.15 M phosphatebuffered saline. For rT3, all samples were diluted 1:5 in phosphate buffered saline (0.15 M, pH 7.4). Assays for each hormone were performed as a single run, with an intra-assay coefficient of variation of less than 10%.
Statistical analyses were performed using Statistix for Windows v. 2 (Analytical Software, Tallahassee, Florida). One-way ANOVAs were used to determine the influence of sex and age (immature, mature) within and between stocks (Beaufort Sea, Hudson Bay, and High Arctic). For statistical groupings, no stock distinction was made between eastern and western Hudson Bay belugas, which were combined with those sampled in Hudson Strait. Not all possible comparisons could be examined because of small or non-existent samples representing a particular age-class or sex. Of the 12 age, sex, and stock groups, five were represented by fewer than six individuals, and were not subjected to statistical comparisons. The remaining seven allowed nine potentially meaningful comparisons to be examined: the effect of age in males and females from Hudson Bay, the effect of sex in immature and mature whales from Hudson Bay and in mature whales from the High Arctic, and the effect of stock in mature males (3 pair-wise comparisons of the three stocks) and mature females (comparison of the High Arctic and Hudson Bay Age classes were established arbitrarily since it could not be ascertained in every case whether the whales had reached sexual maturity. Skin color provides some indication of age, at least to the extent that white animals can be considered mature. However, medium-gray females are sometimes seen with calves indicating that they may reach sexual maturity before they develop the white skin color. The whales were therefore categorized as immature-or mature-sized on the basis of stock-specific body length thresholds (Table 2 ; Doidge, 1990) . Table 3 summarizes the hematological and plasma chemical data derived from all belugas. Significant differences in some of those indices were attributable to age, gender, stock or season, as noted in Tables 4 -8.
RESULTS

Erythrocytes (Red Blood Cells, RBC)
Within the Hudson Bay stock, the only gender-related difference apparent in any of the erythrocytic indices was that mean corpuscular volume (MCV) was greater in mature-sized females than in males (Table 5 ). Combining data from both sexes for the other erythrocyte values revealed significant differences in hemoglobin, mean corpuscular hemoglobin (MCH) and mean corpuscular hemoglobin concentration (MCHC) between age classes that were not apparent in the Hudson Bay animals alone (Table 4) . Stock-associated differences were noted in mature males (Table 7) but not in mature females, though the only comparisons possible for the latter were for red blood cell count and hematocrit between Hudson Bay and Arctic stocks. Erythrocyte counts were significantly higher in mature male whales from the Beaufort Sea than in those from the High Arctic. Mature males from Hudson Bay showed higher levels of hemoglobin, MCH, and MCHC than did those in the Beaufort Sea. A seasonal difference was apparent in mature whales of both sexes in the High Arctic, with significantly higher cell counts in fall than in summer ( 
Leucocytes (White Blood Cells, WBC)
No significant age-or sex-related effects were noted in total leucocyte counts when analyzing data for the Hudson Bay and Arctic stocks. However, immature whales from all areas taken together had significantly higher WBC counts than did mature whales (Table 4) ; this pattern was evident in absolute counts of lymphocytes and segmented and band neutrophils.
Absolute counts of various leucocyte classes could be compared between the sexes only for immature whales from Hudson Bay, and the only difference was noted in monocyte counts (Table 5 ). Mature whales of both sexes showed stockrelated differences in total leucocyte counts, with Hudson Bay whales demonstrating uniformly higher counts than either of the other two stocks, though there were insufficient data from Beaufort Sea female belugas to allow comparisons with that group. Among the mature males, which represented all three stocks, Beaufort Sea whales had the lowest values. Small sample sizes precluded comparisons of leucocyte classes among the stocks for either sex.
Within the Hudson Bay group, significantly (p < 0.01) higher values were noted in 1990 (14.7 ± 5.0 × 10 9 cells/L) than in 1985 (9.6 ± 2.2 × 10 9 cells/L). Elevated total counts were observed sporadically within the sample, with three outliers (> 22.0 × 10 9 cells/L) occurring in 1987, 1990, and 1993 , all from immature animals from the Churchill River. Differences in neutrophil counts mirrored those for total leucocytes. Neutrophils were elevated in Hudson Bay whales sampled in 1987 (4.7 ± 1.2 × 10 9 cells/L) compared to those sampled in 1985 (3.6 ± 1.1 × 10 9 cells/L). There were marked year-to-year variations in lymphocyte counts among animals captured in the Churchill and Seal Rivers, with means differing by a factor of more than two between 
Electrolytes
Age-related differences in Fe were found in females from Hudson Bay (Table 4) ; there were too few mature-sized males tested for comparison with younger males. Immature whales from all areas had significantly higher levels of Ca than adult animals (Table 4) . Mature females from Hudson Bay had lower K levels, and consequently a higher Na:K ratio, than did older males from that stock (Table 5) .
Comparisons among stocks revealed significant differences in most electrolytes and elements, except Cl and P (Tables 6 and 7) . Levels of Fe in mature females from Hudson Bay were significantly higher than those from the Arctic, but mature males from the same two stocks showed TABLE 4. Age-related differences in plasma chemical constituents in beluga whales. Data from whales of both sexes were combined for this analysis only after excluding the possibility of gender-related differences in a homogeneous subset of the different age-classes. See Table 3 TABLE 5. Sex-related differences in hematological and plasma chemical constituents in beluga whales. Data from whales of all age classes were combined only after excluding the possibility of age-related differences in a homogeneous subset of the gender groups. See Table 3 for unit of measure for each constituent. no difference. Conversely, the stock-related differences in K, the Na:K ratio, and Ca noted in males were not apparent in females. Mg levels differed between Arctic and Beaufort Sea males, but could not be compared statistically for females from the same areas. High Arctic mature-sized belugas of both sexes sampled in estuaries during the summer had significantly lower Na and K than whales from the same stock in marine waters during the fall migration (Table 8) 
Metabolites
There were no significant age-associated effects on levels of glucose, urea, creatinine, uric acid, cholesterol, or triglycerides, although the latter three could be statistically compared only in females. Sex-associated differences were noted for urea (Table 5 ), but only in mature whales from the Arctic stock and not in either mature or immature animals from the Hudson Bay stock. Bilirubin (free, conjugated and total), cholesterol, and triglycerides were not significantly different between the sexes in mature Arctic whales, the only group in which statistical comparisons were possible.
Seasonal differences in several constituents were noted in mature High Arctic whales. Levels of uric acid and triglycerides were higher, and creatinine and bilirubin (free, conjugated and total) were lower, in belugas on their fall migration than during the summer when they were in estuaries (Table 8) .
Interannual differences in glucose were evident among western Hudson Bay samples, with yearly means ranging from 5.5 ± 0.7 mmol/L in 1993 to 7.1 ± 0.7 mmol/L in 1989. Uric acid concentrations ranged from undetectable in six animals in 1989 to a mean of 26.1 ± 2.6 µmol/L (n = 20) in 1988; creatinine, from an average of 224 ± 32.9 µmol/L in 1992 to 292 ± 67.7 µmol/L in 1988; cholesterol, from 3.1 ± 0.8 mmol/L in 1985 to 6.5 ± 1.5 mmol/L in 1992; and triglycerides, from 1.12 ± 0.28 mmol/L in 1990 to 2.61 ± 0.64 mmol/L in 1992.
Enzymes
Alkaline phosphatase (AP) showed no age-, sex-, or stock-related differences in any of the subgroups tested statistically. However, in the full data set, AP activity was significantly higher in immature whales than in mature whales (Table 4) . Among mature whales in the Arctic stock, values were significantly higher in animals captured in fall compared to summer (Table 8 ). Interannual variation in AP was broad in western Hudson Bay, from a mean of 91 ± 63 IU/L in 1993 to one of 472 ± 184 IU/L in 1990.
Immature whales of both sexes had significantly higher levels of creatine phosphokinase (CPK) than did mature whales (Table 4 ). There were no other significant differences related to sex or stock. Annual means in the western Hudson Bay sample ranged from 99 ± 43 IU/L in 1993 to 227 ± 78 IU/L in 1987.
Gamma glutamyl transpeptidase (GGT) was higher in males than in females, but only among mature whales in the Hudson Bay stock (Table 5 ). Levels of GGT in the western Hudson Bay sample were higher in 1993 (26 ± 16 IU/L) than for most of the other years (means < 14 IU/L). No significant differences were apparent in any of the statistical comparisons made for alanine aminotransferase (AlAT) or aspartate aminotransferase (AsAT) by age, sex or stock. In 1987, levels of AlAT were significantly higher (45 ± 40 IU/L) in the western Hudson Bay sample than in most other years (means < 8 IU/L). In both 1985 and 1987, outlying values of 153 and 167 IU/L, respectively, contributed to the relatively high means for those years. High maximum values for AsAT were also noted in those years, yielding means of 100 ± 47 IU/L for 1985 and 123 ± 45 IU/ L for 1987. These were significantly higher than the means for all other years, which were less than 80 IU/L. Levels of lactate dehydrogenase (LDH) were significantly higher in mature females from Hudson Bay than in those from the Arctic stock (Table 6 ). Interannual variation in LDH activity in Hudson Bay whales was large, from 190 ± 67 IU/L in 1992 to 362 ± 110 IU/L in 1987.
Protein
Total protein concentrations showed no age-related differences within the Hudson Bay group, but immature whales had significantly higher levels than mature whales in the entire sample (Table 4) . Albumin values in Hudson Bay whales were higher in younger females than in older animals of the same sex, but this was not the case for younger males (Table 4) . Sex alone had no effect on any of the measures of plasma protein, although sufficient data to examine such effects on protein fractions were available only for immature whales from Hudson Bay. Globulin concentrations were lowest in both males and females from the Arctic stock and highest in those from Hudson Bay, and they resulted in higher AG ratios in this group (Tables 6 and 7) . Protein electrophoresis was not performed on a large enough subset of mature whales from the various stocks to examine regional differences. Year-toyear differences in total protein in the western Hudson Bay sample were significant between 1985 and 1988 (82.4 ± 5.6 g/L vs. 90.0 ± 6.9 g/L). Among the protein fractions, the largest variation was noted in gamma globulin between the 1992 and 1988 samples (16.3 ± 4.6 vs. 45.2 ± 7.7 g/L).
Hormones
Statistical comparisons examining effects of age, sex, and stock on levels of thyroid hormones used only data collected during the summer period of estuarine occupation, in recognition of the significant seasonal dynamics of these hormones in belugas (St. Aubin and Geraci, 1989a) . In the Hudson Bay stock, immature females, but not males, had higher levels of thyroxine (T4) than did older animals of the same sex (Table 4) . Among immatures, females had significantly higher concentrations than did males, whereas the pattern was reversed among the mature whales (Table 5) . Mature males in Hudson Bay had greater levels of T4 than their counterparts in the Beaufort Sea, the only other area with sufficient data to allow statistical comparisons (Table 7) . For triiodothyronine (T3), males but not females in Hudson Bay showed age-related differences (Table 4) , in contrast to the findings for T4. No other sex-or stockrelated differences were noted. Seasonal differences in T4 were examined for males of all ages, since there were no significant age-related effects on T4 concentration in the Hudson Bay stock. Levels of T4 during summer (205.8 ± 54.4 nmol/L, n = 85) were significantly (p < 0.01) higher than in the smaller number of spring (107.2 ± 32.2 nmol/L, n = 8) or fall samples (122 ± 36.9 mmol/L, n = 4). Data were insufficient for statistical examination of seasonal effects on T3 in females, even after combining data from both age-classes, or data on free thyroid hormone levels in any grouping of the data.
For rT3, there was no significant effect of age in females, or of sex in immature whales, from Hudson Bay, the only statistical comparisons that the data set would allow. No seasonal pattern was evident, although mean concentrations for summer (6.25 ± 2.84 nmol/L, n = 80) and fall (7.15 ± 4.69 nmol/L, n = 6) were more than double those determined in spring samples (2.65 ± 0.91 nmol/L, n = 4).
Cortisol concentrations showed no age-or sex-related differences. Immature females had higher levels of aldosterone than immature males in Hudson Bay (Table 5 ).
Stock differences could not be tested for either hormone.
Effect of Tagging
Two adult females were captured, tagged, and released in Cunningham Inlet, Somerset Island, in July 1997, then recaptured 19 and 24 days later in Coningham Bay, Prince of Wales Island, to recover the data loggers. Blood samples taken on these two occasions showed marked and consistent differences in each of the animals. Investigation of hematological parameters was limited to hematocrit and leucocyte differential counts. At the time of first capture, these values fell within the range established in other whales from this age group, sex, location, and season. On recapture, packed red cell volume had decreased in both whales, falling as low as 0.47 in one individual (Fig. 1) . Differential WBC counts revealed changes in the distribution of cells, but absolute numbers for cell types could not be calculated because total leucocyte counts were not performed. The percentages of mature (polymorphonuclear [PMN] ) and immature (band) neutrophils and monocytes increased, while those of eosinophils and lymphocytes declined.
Changes were also evident in a number of plasma chemical constituents. In both whales, Fe levels had decreased to less than 10% of the original value, AP activity to 40%, and CPK to 40 -45%. Na had declined by 8.2 -9.8 mmol/L, and K had increased by 0.3 -0.4 mmol/L. Constituents that might have been influenced by recent feeding, such as urea, uric acid, cholesterol, triglycerides, and creatinine, showed inconsistent changes between the two whales. Enzymes diagnostic of organ damage (e.g., AsAT, GGT, LDH, and AlAT) either showed no change or decreased slightly.
DISCUSSION
Live capture of beluga whales has been undertaken for research and exhibit purposes for decades. Such captures have provided a set of blood samples for this investigation, allowing the development of baseline data for a wide range of circulating constituents. Since blood sample collection is often an ancillary objective of these capture efforts, it may in some instances yield a data set that is biased by the specific needs of the field activity and does not necessarily represent a balanced cross-section of the population. For example, captures designed to collect specimens for exhibit select juveniles for ease of handling and greater likelihood of acclimation to captivity. Efforts associated with instrumentation for behavioral studies have tended to select adults, which have a broad dorsal ridge area for instrument attachment, to measure the full expression of diving capability. Thus, certain biases exist according to the year and capture site, depending on the priority of the efforts in each instance. At the same time, this bias in animal selection affords the opportunity to examine the data for specific differences related to important biological and environmental determinants of physiological characteristics. The data presented here reflect that opportunity.
Despite the large number of whales sampled, representation from the 36 possible subgroups defined by age, sex, stock, and season was far from uniform, limiting the options for statistical comparisons designed to elucidate the effects of these variables without the complication of multiple interactions. To maximize the value of the full data set, we combined values from males and females when no sex-related differences were noted, allowing comparisons of immature and mature animals from a larger sample not limited by sex. On occasion, this approach revealed differences that were not apparent when a smaller subset was considered. For example, AP in Hudson Bay whales showed no significant differences by age for each sex or by sex for each age group, and there were no stock-related differences noted within age-and sexspecific groups. However, when all data were included in the analysis, subtle but significant differences in AP activity emerged between immatures and matures, as well as between males and females. Awareness of such tendencies, although expressed in an otherwise heterogeneous group, is nevertheless helpful to those examining plasma chemical data.
As in any long-term study on free-ranging marine mammals, there are a number of impediments to assembling a comprehensive set of data on blood parameters, particularly one that spans 15 years. Laboratory instrumentation is necessarily replaced over such a time interval, and consistency in methodology cannot be maintained. Nevertheless, the use of internal standards in both research and diagnostic laboratories provides a measure of assurance that upgraded equipment or techniques yield results at least comparable to those of the methodology that was being replaced. Greater differences might be expected between the results obtained using the manual hematological techniques sometimes employed in field camps and those obtained using automated instruments. Manual cell counts and hemoglobin determinations, particularly, tend to show greater intra-assay variation and are subject to inter-observer error as well.
Age-related differences were examined for evidence of developmental changes in physiology associated with maturation. It should be emphasized that age determinations were made only on the basis of length categories gleaned from size-at-age data for the various regional assemblages of belugas (Doidge, 1990) , and it is therefore likely that some individuals may have been incorrectly assigned to immature and mature age groups using these criteria. In the absence of voucher material, principally tooth sections, length is the only objective measure for distinguishing relative age groups. Skin color, which does change with age, can only be assessed subjectively, and this assessment is still flawed in areas such as eastern Hudson Bay, where gray-colored females are apparently old enough to bear calves.
When age-(size-) related differences were apparent, values were almost invariably higher in immature-sized belugas. Leucocyte counts (including total WBC, neutrophils, bands, and lymphocytes), electrolytes (Na and Ca), enzymes (AP, CPK, and AlAT), total protein, albumin, globulin, triglycerides, hemoglobin, MCH, MCHC, T4, and T3 were so affected. Among differences that were statistically significant according to the size categories, only cholesterol, GGT, and Fe were significantly higher in the mature whales. Higher leucocyte indices may reflect the still-developing immune systems of the younger animals, as they mount immunologic responses to a broader range of largely novel antigenic stimuli. Higher protein levels, particularly for globulins, lend some support to this suggestion, but contrast with findings in other species, such as bighorn sheep (Ovis canadensis), in which lower concentrations of immunoglobulins in young animals are thought to reflect a still-developing immune system (Borjesson et al., 2000) . Younger, growing animals also characteristically show higher levels of AP and Ca associated with continued bone development, as noted in other mammals (Kaneko et al., 1997; Borjesson et al., 2000) . Other differences have less obvious significance in terms of the physiological needs of immature-sized whales. Within each sex in the Hudson Bay stock, only a few of the agerelated differences were maintained. Immature males had higher T3 and CPK than mature males, and younger females had higher CPK, T4, and albumin, and significantly lower Fe, than mature females. Higher concentrations of thyroid hormones are expected during early development and growth (Haulena et al., 1998) .
Sex alone was associated with few differences in the circulating constituents examined. Total RBC counts were greater in males overall. Within the Hudson Bay stock, age influenced the pattern of difference between males and females for T4 concentration: younger females showed higher levels than their male counterparts, whereas older females had lower values than the mature males. The reproductive status of the females may play a role in this shift. Virtually all mature-sized female belugas are pregnant, lactating, or both, and pregnancy has a profound effect on thyroid hormone dynamics (Larsen et al., 1998) . The pattern in belugas, however, is reversed from the expected increased levels of circulating T4, and contrasts with the findings in mature female bottlenose dolphins (St. Aubin et al., 1996) . No other difference noted offers particular insight into important physiological differences between male and female belugas.
Interannual variation was examined for animals caught during the summer months in the closely situated estuaries of the Churchill and Seal Rivers. Age, season, and location were comparable, as were the capture methods. The large significant differences noted in numerous constituents were due in part to the fact that sample sizes in some years were small, and mean values were easily skewed by outliers. For example, some individuals had high circulating leucocyte counts indicative of inflammation or elevated hepatic enzymes such as AlAT and AsAT, suggestive of liver damage (Kaneko et al., 1997) . Such deviations are readily identified against the background of the larger data set, but demonstrate how a few individuals in less than optimal health might give the misleading impression of a population-wide trend in any given year.
The analysis of blood constituents provided insight into some short-term changes associated with the application of instruments to chart the movements and diving behavior of free-ranging belugas. Two whales that were intentionally recaptured to recover data loggers both showed evidence of leucocytic responses consistent with inflammation and stress. The interval between the onset of the chase and collection of the blood samples was similar in all cases, suggesting that the observed response was associated with tissue damage and repair related to the tag. Gross evidence of necrosis of the epidermis, dermis, and blubber where the attachment pins were inserted can readily account for the observed leucocytic differences. The sharp decrease in PCV, however, is difficult to explain. We can discount blood loss anemia, since no major vessels are found in the area where the transmitters are applied, and there is typically little or no bleeding during attachment of the instruments. Changes in electrolytes are also enigmatic. Higher Na levels were found in animals captured in the fresh water of Cunningham Inlet than in those from the relatively marine waters of Coningham Bay. Variability in plasma Na and its relation to environmental salinity are discussed in more detail below. Of the other plasma chemical constituents examined, the sharp decline in Fe levels might be considered as a response to stress and inflammation. No clinically important changes occurred in constituents that are diagnostic of organ damage or failure. The recapture or resighting of other belugas months or perhaps years after they have shed the transmitters (Orr et al., 1998) , coupled with the detailed observation of their apparently normal behavior while carrying the instruments, suggests that tagging does not compromise survival. However, our findings in the blood samples demonstrate that the process does appear to challenge the immune system of the whale.
A singular feature of the beluga's annual cycle is the summertime occupation of estuaries. Environmental conditions in estuaries, principally salinity and temperature, differ dramatically from those of the oceanic waters that belugas inhabit for most of the year. Coupled with extreme seasonal changes in light regime, these conditions might reasonably be expected to influence at least some physiological indicators in these animals. Unique seasonal differences in thyroid hormones have already been described (St. Aubin and Geraci, 1989a) and were maintained in this expanded sample. Elevations in circulating levels of T3 and T4 are characteristic of summer occupation of estuaries and have been related to growth and molting cycles . It is also notable that during the period of estuarine occupation, levels of rT3, a metabolically inactive breakdown product of T4, are the highest reported for any mammal. Small sample sizes for spring (4) and fall (6) are inadequate to reveal seasonal shifts in thyroid hormone regulation through the rT3 inactivation pathway. Nevertheless, the changes observed from spring to summer appear to coincide with those of T4; the persistence of high levels of rT3 in the fall, when T4 has declined, might indicate ongoing inactivation of the circulating pool of T4. Further studies on thyroid hormone binding and clearance are needed.
The use of estuaries as gathering sites for molting and socializing exposes belugas for varying periods to an essentially freshwater environment. Low salinity contributes to the loss of superficial skin layers, which become excessively hydrated and are sloughed . It also presents the animals with an opportunity to drink without having to manage a salt burden. Marine mammals, particularly cetaceans, are presumed to drink very little sea water, meeting most of their needs through preformed and metabolically derived water from their food (Ridgway, 1972) . Nevertheless, dolphins, at least, can distinguish the taste of fresh from salt water (Nachtigall, 1986) , and might conceivably drink fresh water if presented with the opportunity. Although we have no specific evidence that belugas drink either fresh or salt water, our data show a surprisingly wide range in plasma Na concentrations, which suggests either significant consumption of the water or a physiologically casual approach to regulating water and electrolytes. Values extend well into ranges that would be considered clinically hypo-and hypernatremic in captive belugas (Cornell et al., 1988) , with no apparent correlation with the environment in which the animal was sampled. As further evidence of adaptive changes in fluid balance, levels of creatinine, which is excreted by the kidneys, were nearly double those in captive whales, suggesting a reduced renal filtration rate. However, if elevated creatinine levels reflect fluid retention, then it is paradoxical that they should be highest during the summer, when Na and K are low, and not during the fall migration, when belugas have reverted to a wholly marine existence. The age-related differences noted in electrolyte concentrations would imply a changing capacity for fluid and electrolyte management with maturation.
One parameter that is subject to considerable adaptive change in mammals is the oxygen-carrying capacity of the blood. The number, size, and hemoglobin content of erythrocytes may vary, depending on activity and environmental conditions that alter the requirement to deliver oxygen to tissues. Ridgway and Johnston (1966) , Duffield et al. (1983) , and Asper et al. (1990) showed apparent correlations between erythrocytic indices and diving activity within and between species of odontocetes. Belugas have higher hemoglobin and hematocrit than bottlenose dolphins (Asper et al., 1990) , killer whales (Orcinus orca) (Cornell, 1983) , or harbor porpoises (Koopman et al., 1999) , which is consistent with observations on their diving behavior. Studies with captive whales on voluntary dives (Ridgway et al., 1984) and the growing information from instrumented whales Smith, 1992, 1999) have demonstrated the profound diving capabilities of belugas, dispelling earlier assumptions that these animals are restricted to shallow, coastal habitat. The wide range of published data on hematocrit in belugas might reflect sampling from different ecotypes, as suggested by Cornell et al. (1988) , or adaptive changes within ecotypes (St. Aubin and Geraci, 1989b) . We noted no significant differences in hematocrit among the three broad geographical groupings of whales. Erythrocyte counts were highest in Beaufort Sea belugas, but their cell volumes were the lowest among the three groups. The lower mean hemoglobin concentrations in whales from the Beaufort Sea are likely the result of a methodology that did not allow accurate determination of higher concentrations. Thus, there is no evidence from hematological data that belugas from different stocks represent different ecotypes in terms of their ability to exploit deeper waters, nor is there any indication from dive duration data gathered by satellite-linked timed depth recorders that any differences might be expected Smith, 1992, 1999) .
In all of these determinations, we should consider to what degree the capture event might influence circulating levels of the various blood constituents. Some of these, including leucocytes, adrenal and thyroid hormones, electrolytes, enzymes, and metabolites, were monitored during the post-capture period to establish the time required to recovery of what were presumed to be baseline values (St. Aubin and Geraci, 1989b) . In general, the relatively brief duration of chase and the prompt collection of blood samples were considered sufficient to ensure that the constituents under consideration here were affected only minimally. Thyroid hormones are known to decline, but only after 4-6 hours Geraci, 1988, 1992) . Cortisol and aldosterone may increase, but only after 30 min . The relatively longer approach and different capture technique employed for the whales in the Beaufort Sea (Orr et al., 2001 ) could account for the significantly higher levels of aldosterone, cortisol and, consequently, glucose in this group. Glucose levels in belugas at exhibit facilities, where they are typically trained to provide blood samples without restraint, are more in line with the lower values noted in whales captured individually using a hoop net and promptly sampled. Other consequences of glucocorticoid release, such as neutrophilia, lymphopenia, and eosinopenia (stress leucogram), could have developed by the time the blood samples were collected. Elevations in aldosterone are a consistent feature of the stress response in cetaceans (Thomson and Geraci, 1986; St. Aubin et al., 1996) and have been elicited in beluga whales given injections of adrenocorticotropic hormone (ACTH) .
Muscular activity associated with the chase might be expected to elevate levels of the enzyme CPK (Spraker, 1982) , and perhaps the higher activity of this enzyme in the plasma of immatures reflects a more intense struggle on their part to avoid capture. However, there was no impression that the young animals exerted themselves more than the mature whales. Still, mean levels overall were lower than those reported for exhibit animals, although these latter data appear to be skewed by a few elevated values (Cornell et al., 1988) . The few samples obtained from belugas killed by Inuit hunters showed no appreciable differences from those obtained from live-captured individuals. The hunted and live-caught animals were usually subjected to a chase of comparable duration. On balance, the data reported here serve as an appropriate baseline for future comparisons using samples that are likely to be collected in a similar fashion.
An additional variable affecting levels of certain plasma constituents stems from the likelihood that at least some of the animals had been feeding prior to capture and sampling. Levels of glucose, triglycerides, and eventually cholesterol will increase sequentially in blood following a meal. Urea will also increase, particularly when the diet is rich in protein. It was not possible to control for whether animals had recently fed or not, or to determine what stage of absorption they had reached. It should be recognized that some of the higher values that we report for these constituents could be the result of dietary factors.
This paper provides one of the largest sets of hematological and plasma chemical analyses for a free-ranging odontocete. Some differences were noted relative to biological factors, such as age and sex of the individual, and environmental factors, such as season and location of sample location. No attempt has been made to identify all of the variables that might have influenced circulating levels of the constituents that we examined. Nevertheless, these data illustrate the variability that might be encountered in an opportunistically selected group of beluga whales, and they serve as a baseline for continued efforts to monitor the health of individuals and populations of beluga whales.
